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Quantified measurement of activity provides insight into
motor function and recovery in neurological disease
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Background: A direct quantitative measurement of locomotor activity in an individual’s own environment
over an extended period may help in evaluating the impact of impairments in neurological disorders.
Objective: To investigate the reliability and validity of activity monitoring in neurological patients and
healthy subjects.
Methods: Initial reliability studies were completed on 10 healthy subjects and 10 mobility restricted
neurological patients. Validity was investigated using 7 days of ambulatory monitoring with the Step
WatchTM step activity monitor, laboratory based measures of gait and the Rivermead Mobility Index (RMI)
in 10 patients with multiple sclerosis, 10 with Parkinson’s disease, and 10 with a primary muscle disorder.
Additionally, 30 healthy subjects participated in the study. Two clinical illustrations of ambulatory
monitoring are provided.
Results: The mean (range) right step count of 7 days of monitoring in both healthy and neurological
patients proved a reliable measure of activity (intra-class correlations 0.89 and 0.86 respectively). The
7 day mean (range) right step count was 5951 (288629955) in healthy subjects, 3818 (161125391) in
patients with Parkinson’s disease, 3003 (71625302) in those with muscular disorders, and 2985 (689–
5340) in those with multiple sclerosis. A moderate correlation was noted between 7 day mean step count
and gait speed (r = 0.45, p = 0.01) in the grouped neurological patients but not the RMI (rs = 0.3, p = 0.11).
Conclusion: Ambulatory monitoring provides a reliable and valid measure of activity levels. Neurological
patients, living independently, demonstrate lower activity levels than healthy matched controls. Ambulatory
monitoring as an outcome measure has potential for improving the evaluation of ambulation and
providing insight into participation.

I
n clinical practice, the World Health Organization (WHO)
International Classification of Functioning (ICF) is encour-
aged as the underlying framework for the assessment of

mobility. The ICF considers mobility to be an individual’s
ability to move about effectively in their own environment.1

Walking is one important component of this ability.
Gait indices such as speed, stride length, or cadence may be

reliable surrogate indicators of ambulatory mobility, but are
not direct measures of an individual’s actual activity in their
own environment. While the use of self report diaries and
questionnaires in conjunction with gait indices have been
advocated as providing a good indication of mobility,2 the
relationship of these indices to real life activity is as yet not
well determined. New techniques allowing unobtrusive long
term activity monitoring with the use of accelerometry may
provide a clearer view of how much an individual actually
walks and the relationship of this to their behaviour in an
artificial test situation.3 4

Pedometers, which use three dimensional accelerometry,
appear to be more sensitive than 7 day recall questionnaires
in detecting differences in activity levels in individuals with
multiple sclerosis (MS) compared with a matched sedentary
population.5 The major limiting factor of these pedometers is
their accuracy and reliability.4 Most commercially available
pedometers are worn at the waist and are sensitive to vertical
movement. The response will therefore be affected by
position, mode of pedometer attachment, and movement
style and walking speed of the individual being monitored.6

Activity monitors have been developed in order to over-
come the limitations of the waist attached devices. Settings
can be adapted according to the height, cadence, and walking
style of the subject. These devices have been used successfully
in populations with gait asymmetry.7 The accuracy and

reliability of activity monitoring in stroke patients indicates
that there is good potential for their use in the quantification
of home/community based activity levels.3 This study further
investigates reliability and validity and illustrates the
application of long term ambulatory monitoring in a
neurological population with the aim of providing insight
into motor function and recovery in neurological disease.

METHODS
Techniques
Steps were measured with the Step WatchTM (Cymatech,
Seattle, Washington, USA) step activity monitor (SAM), a
sealed, waterproof, micro-processor controlled device weigh-
ing 65 g (height 6.5 cm, width, 5 cm, and depth 1.5 cm). The
monitor is attached to the right lower limb immediately
above the lateral malleolus of the ankle with two elastic
attachment straps (see fig 1). The SAM records step count
sub-totals (see fig 2), overall activity levels, and patterns of
activity and rest in programmable time intervals over
extended monitoring periods. The SAM is programmed via
an infrared optical interface prior to the monitoring period
with sensitivity settings appropriate to the height, cadence,
and gait speed of the individual being monitored. The
settings are verified by visual inspection during a test trial
where a light on the monitor is programmed to blink each
time a step is counted for the first 30 steps taken by the
individual. Activity measures produced are daily step counts,
sustained activity measures and peak activity indices.

Abbreviations: EDSS, Expanded Disability Status Scale; GBS, Guillain-
Barré syndrome; ICF, International Classification of Functioning; MD,
muscle disorder; MS, multiple sclerosis; PD, Parkinson’s disease; RMI,
Rivermead Mobility Index; SAM, step activity monitor
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Sustained activity measures are derived via the activity
monitoring software by extracting the maximum number of
steps achieved during any continuous interval of specified
duration (for example, 20, 30, or 60 minutes); that maximum
is divided by the duration of the interval to give the mean
steps per minute. The peak activity index represents the
highest mean step rate during any 3061 minute intervals of
the 24 hour period. This differs from the sustained activity
measures in that the performance does not occur in a
continuous time frame. Levels of inactivity are also produced
by the system software. These are presented as the percentage
of the total time in a 24 hour period where no steps are
recorded. Monitoring levels of inactivity is useful for
assessing change in walking and has been used in the
clinical cases presented.

Measures of self selected gait speed and function were
obtained prior to attachment of the SAM. Gait speed was
measured at self selected walking pace over 10 metres in a
motion analysis laboratory using digital video technology
(including start/stop).10 RMI was evaluated in all neurological
patients. The EDSS was scored by a neurologist for the MS
patients.

Subjects and protocol
This study received prior ethical approval from the local
research ethics committee. All participants signed an
informed consent document prior to initiation of the study.

Reliabili ty
A convenience sample of 10 healthy subjects and 10
ambulant neurological patients were recruited. Impairments
due to different pathologies were included, namely motor
neurone disease (n = 2), hereditary spastic paraparesis
(n = 1), peripheral neuropathy (n = 1), myasthenia gravis
(n = 2), myositis (n = 1), muscular dystrophy (n = 1), thy-
roid myopathy (n = 1), and Parkinson’s disease (PD) (n = 1).
The over-riding characteristic of all the neurological patients
was that they had restricted walking mobility; however, all
were able to walk more than a distance of 10 metres
independently with use of a walking aid (but no standby
assistance). Patients did not receive any physiotherapy
treatment during or between the measurement phases.

All subjects participated in two 7 day periods of monitor-
ing, with at least 123 weeks between each period. The SAM
was attached to the lateral aspect of the right ankle and
recorded activity level by counting steps taken per minute
continuously throughout the measurement period. All sub-
jects wore the device for 24 hours every day and only
removed it for bathing. Subjects were asked to report any
instances during which the device had to be removed.

Validity
A second sample of 30 healthy subjects and 10 patients with
PD, 10 with multiple sclerosis (MS), and 10 with a primary
muscle disorder (MD) were recruited. All patients were able
to walk a distance of 10 metres independently, with the use
of a walking aid where necessary. Patients were recruited
from general neurological clinics.

The recruited subjects were monitored for seven consecu-
tive days with the SAM. Self selected gait speed and
functional status as reflected by the Rivermead Mobility
Index (RMI) in its standard form8 were recorded prior to the
first week of monitoring.

Clinical i l lustration of ambulatory monitoring
A 63 year old male with Guillain-Barré syndrome (GBS) was
followed during recovery in hospital and at home, tracking
motor recovery over 9 months (four serial measurements). A
42 year old male recovering from a right hemiparetic MS
relapse was followed during hospitalisation and following
discharge (two serial measurements).

Both patients were monitored with respect to RMI, gait
speed and 7 day mean step count (SAM) at each measure-
ment session. The Expanded Disability Status Scale (EDSS)
was scored by a neurologist for the patient recovering from
an MS relapse.9

Data analysis
Reliabili ty
Intraclass correlations (ICC) were calculated between indivi-
dual days of each monitoring period (day to day reliability) as
well as between the mean step count for each 7 day period
(week to week reliability). Intra-class correlations for the
peak activity index (highest mean step rate for 30 min/day in
steps/min) and sustained activity index (maximum number
of steps in any continuous period of 20, 30, and 60 minutes’
duration in mean steps/min) were also calculated. The
average coefficient of variation (CV) was calculated as the
standard deviation of the measures expressed as a percentage
(%) of the mean,11 12 in order to ascertain the variation of the
sample as necessitated by the dependency of the ICC on the
variation of the sample. A scatter plot of week to week
reliability was used to inspect for systematic deviations from
the identity line.13

Validity
Correlation coefficients between the 7 day mean step count,
gait speed, and functional score (RMI) were calculated.
Independent t tests were used to assess for differences in
7 day mean step counts between the age and sex matchedFigure 1 SAM as applied to the right ankle of the subject.

Figure 2 Illustrative download of graphical output from for one day of
step activity monitoring in a healthy subject. The x axis represents the
24 hour day and the height of each bar represents number of steps per
minute. The shaded bands depicted are set for less that 15 steps/min
indicating low levels of activity (dark grey), between 15 and 40 steps/
min indicating medium levels of activity (light grey) and greater than 40
steps/min indicating high levels of activity (white).
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healthy subjects and the separate neurological patient
groups.

RESULTS
All subjects completed all the required phases of monitoring.
The SAM was well tolerated in the required ankle attachment
position. There were no reports of complications or dis-
comfort. All subjects were compliant in continuous wearing
of the monitor throughout the monitoring period. This was
confirmed by visual inspection of the data. Subject and
matched control details, mean right step counts, gait speed,
RMI, and EDSS where applicable for the reliability and
validity studies are presented in table 1.

Reliabili ty of step counts
The 7 day mean step count in both healthy (ICC = 0.89) and
neurological patients (ICC = 0.86) provided a reliable mea-
sure of daily activity. Day to day variability in both healthy
individuals and those with neurological impairment was
relatively high as reflected by the CV. The average CV for day
to day step count in healthy subjects was 28% and in
neurological patients 30% (table 2). The average CV for week
to week measures in healthy subjects was 8.8% and in
neurological patients 12% (see table 2). Fig 3 depicts the
scatter plot of week to week reliability in neurological
patients using the 7 day mean step count.14

Reliabili ty of other activity indices
The mean peak activity index, which represents the highest
mean step rate during any 30 discrete 1 minute intervals of
the 24 hour period, was 59 steps/min in healthy subjects and
36 steps/min in neurological patients. The mean (SD) peak
activity indices and the intraclass correlation coefficients for
the reliability are presented in table 3. Sustained activity
represents continuous activity in steps/min maintained over
the entire specified time period. Mean sustained activity over
60 minute intervals was 41 steps/min in healthy subjects and
17 steps/min in neurological patients. Greater variability for
the sustained activity indices in healthy subjects was
apparent.

Validity
There were significant differences (p = 0.001) for mean 7 day
step count in all the separately matched patient groups
compared with healthy control subjects: (mean difference
2529, 3944, and 2365; 95% confidence interval (CI) 1292 to
3763, 2366 to 5521, and 861 to 3868 for PD, MS, and MD

respectively). Overall 7 day mean step counts were substan-
tially lower in neurological patients compared with healthy
subjects (table 1), with overall difference in mean 7 day step
count of 2945. Similarly, peak activity and sustained activity
measures were lower in patients than healthy subjects. There
was negative, non-significant correlation between gait speed
and 7 day mean step counts (r = 20.17, p = 0.37) in the
healthy subjects (n = 30). A moderate correlation was noted
between gait speed and 7 day mean step counts (r = 0.45,
p = 0.01) in the grouped neurological patients but not
between 7 day mean step counts and RMI (rs = 0.3,
p = 0.11).

Clinical il lustration of responsiveness
The GBS patient’s mean daily step count increased from 303
(RMI = 6) to 649 (RMI = 8) to 1914 (RMI = 12) to 2392
(RMI = 13) over a 9 month period (four serial measure-
ments) (fig 4) and time spent involved in no activity
decreased from 97.4% to 95.2% to 85.4% to 84%. Peak activity
index increased from 13.5 to 19.4 to 35.5 to 49.6 steps/min.

The MS patient’s 7 day mean step count while recovering
from a right hemiparetic relapse increased from 836
(RMI = 9) to 4015 (RMI = 14) over a 2 month period, while
the EDSS score decreased from 6.0 to 4.0. A score of 6.0 on
the EDSS means that the individual requires unilateral
assistance to walk at least 100 metres, while a score of 4.0 on
the EDSS means that the individual is restricted but able to
walk without an aid over a distance of at least 500 metres.
Time spent involved in no activity decreased from 90.3% to
72.9%, and peak activity index increased from 20.2 to 37.2
steps/min.

Figure 3 Scatter plot of week to week reliability in neurological patients
using the 7 day mean step count.

Table 1 Descriptive details of study sample for reliability and validity procedures

Subject details
Mean age,
years (SD)

Mean 7 day step
count (range)

Mean gait speed,
m/s (SD)

Median RMI
(range; 0–15)

Reliability study
Healthy subjects (n = 10) (6 male) 43.3 (18.9) 6520 (3613–10002) 1.49 (0.26)
Neurology patients (n = 10) (5 male) 59.4 (13.4) 2961 (716–5301) 0.82 (0.38) 12 (8–14)

Validity study
MS patients (n = 10) (0 male)
(median EDSS 4.0, range 2.0–6.5)

37.9 (10.1) 2985 (689–5340) * 1.06 (0.43) 13 (9–15)

Matched MS healthy subjects
(n = 10)

37.5 (12.6) 6929 (4347–10002) 1.33 (0.21)

PD patients (n = 10) (7 male) 67.1 (8.2) 3818 (1611–5391) * 0.99 (0.16) 13 (9–15)
Matched PD healthy subjects (n = 10) 66.8 (10.8) 6347 (4703–9955) 1.22(0.23)
MD patients (n = 10) (6 male) 52.1 (12.5) 3003 (716–5302) * 0.79 (0.23) 12 (9–15)
Matched MD healthy subjects
(n = 10)

49.5 (16.7) 5368 (2886–7758) 1.37 (0.3)

Grouped neurology patients (n = 30) 52.4 (15.7) 3268 (689–5391) 0.95 (0.3) 13 (9–15)
Healthy subjects (n = 30) 51.3 (17.9) 6214(2886–10002) 1.3 (0.25)

*Indicates significant difference to the matched group (p = 0.001).
MD, primary muscle disorder; MS, multiple sclerosis; PD, Parkinson’s disease.
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DISCUSSION
The ideal assessment of an individual’s walking (what they
actually do) might include measures of distance, number of
paces, and assistance used over a representative time period
in the community. Most current assessments examine what
an individual does or believes they can do, in a particular,
usually brief, test situation. In these circumstances, environ-
ment, motivation for the test, and a range of transient factors
may make the test result a very uncertain index of everyday
walking. At the very least, the relationship between brief tests
of walking and normal walking in the community requires
further exploration. As yet, there is no clear standard for the
measurement of actual walking in the community setting.15

The current study shows that it is possible to measure total
number of paces over 7 days in healthy subjects and
neurological patients unobtrusively and reliably. In view of
the variability identified in activity measurement of single
days and the relatively high associated mean coefficient of
variation of 30%, the mean of 7 days of monitoring is
recommended as a reliable and valid measure of activity in all
subjects.

The peak and sustained activity indices allow for objective
assessment of the pattern and intensity of activity in all
subjects, with valuable potential for assessment of outcome
following intervention. As well as having higher mean 7 day
step counts, healthy subjects have higher but more variable
sustained activity levels and higher mean peak levels than
neurological patients. The latter have more variable and
lower mean peak activity measures but more consistent
sustained activity indices. Fatigue and related impairments
may limit neurological patients by restricting the actual
number of steps that they are able to maintain for an
extended period of time. While activity levels generally are, as
expected, lower in patients, the overall consistency of
sustained activity levels might indicate a reduced ability to
vary activity level because of a wide range of neurological
and/or behavioral impairments and modifications. It is
notable that during recovery, individuals begin to demon-
strate improved peak measures with increasing consistency

and more variability in sustained activity as they are able to
participate more in their own community.

The ability to count every step taken by an individual
within his own environment has obvious face validity. In the
absence of an accepted gold standard against which to relate
a new mobility measure, comparison of a new method with
existing measures that are thought to measure a similar
construct (mobility)16 is appropriate, although as has been
pointed out above, quite different aspects of mobility may be
measured. Assessment of validity also involves testing
whether a measure behaves as hypothesised, thus mobility
should differ according to disease progression. As expected,
our neurological patients (although all able to walk inde-
pendently without the aid of another person), demonstrated
significantly lower activity levels than healthy matched
controls. Moderate correlations found between the 7 day
mean step count, gait speed, and lack of any correlation
between 7 day mean step count and RMI justify the view that
gait speed and RMI, though reliable tests, may not be good
indicators of actual walking ability in the community. This
highlights the need for further investigation, using long term
monitoring, of the methods used by individuals with mobility
restrictions to achieve their best functional capacity. The use
of a debriefing session after 7 days of monitoring to detail the

Table 2 Daily step count (1–7) in neurological patients (n = 10)

Step count
7 day mean step
count Day to day step count Week to week mean step count

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Week A Week B SD CV, % Mean SD CV, %

861 1135 1310 1116 1706 1017 1058 1171 1214 327.9 27.0 1192 30 2.5
2959 2837 3543 3164 3896 2644 3832 3267 4996 1884.8 37.7 4131 1222 29.6
1976 2903 2392 2326 2262 2907 2798 2509 2024 336.8 16.6 2266 342 15.1
1592 6508 2088 2453 8709 7147 9079 5368 5301 2819.5 53.2 5334 46 0.9
3673 3041 3515 2641 2426 2943 1194 2776 2346 734.4 31.3 2561 303 11.9
1964 2729 5232 2104 2919 4043 2346 3048 3140 844.0 26.9 3094 65 2.1
3530 2733 3622 3989 2828 4212 2817 3390 2829 765.5 27.1 3109 396 12.7
617 658 769 696 617 693 539 655 716 171.4 23.9 685 43 6.3

Mean, standard deviation (SD) and co-efficient of variation (CV) for 1 week of monitoring and the mean, SD and CV of the mean 7 day step count for weeks 1 and
2 are shown.

Table 3 Reliability study

Study group

Activity index, mean (SD) ICC

Peak
20 minute
sustained

30 minute
sustained

60 minute
sustained

Healthy subjects
(n = 10)

59 (5) 0.98 53 (10) 0.75 49 (13) 0.71 41(13) 0.57

Neurology
patients (n = 10)

36 (11) 0.82 26 (10) 0.94 22 (9) 0.90 17(8) 0.95

Mean (SD) activity indices in steps/min and intraclass correlation
coefficients (ICC) for activity indices.

Figure 4 Clinical illustration of ambulatory monitoring using a
download of graphical output from 2 days of monitoring in the patient
with GBS (first and fourth measurement of four).
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week’s activity is currently being investigated. The threshold
for independent living is as yet unknown and needs further
investigation. The development of a database of 7 day mean
step counts and activity levels in healthy subjects and
patients with different types and levels of impairment will
aid this process.

The two patients studied over time merely illustrate the
large scale of potential change found with activity monitor-
ing. Further research in ambulatory monitoring is necessary
to clarify the changes to be expected as a result of common
therapies or medical interventions and the relationship of
such changes (improvement or deterioration) to measures of
participation and quality of life.

It should be acknowledged that while it may not be
sufficient to rely upon timed tests of walking or functional
indices on their own, there remain methodological issues
related to long term ambulatory monitoring. The compliance
of the subject being monitored (for example, removing the
monitor), the possibility of measurement reactivity, and the
impact of the environment on activity is relevant to data
interpretation. There is potential for missed step counts or
excessive step counts, although the sensitivity settings mean
that different styles of gait can be accommodated for. There
could also be problems with accuracy during stair climbing
and during the completion of indoor activities requiring small
steps with little distance covered, although preliminary
studies have found the monitor to be 98% accurate compared
with hand tallied counts during 6 minute walk tests on level
surfaces,3 with a 96.2% accuracy during stair ascent and
descent.4 The issue of wheelchair use and its relationship to
overall mobility in more disabled individuals is clearly an area
that requires further study in evaluating the link between
impaired walking and participation.

The use of motion sensors has been advocated for
comprehensive quantification of mobility.17 Long term
activity monitoring of step counts and activity patterns
combined with measures of gait parameters has the potential
to provide a more comprehensive and valid description of
activity. Levels of activity in the home environment can now
be quantified and this may aid decision making in the process
of neurological rehabilitation. Such evaluations of walking
activity may also be relevant to a more objective assessment
of interventions (such as medication and physiotherapy) that
purport to improve a patient’s walking.18
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